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Introduction 


It has been said that no other single factor determines the char- 
acter of the earth’s vegetation so much as does water (Walter, 1949: 
109). Many of us who live in mountain country might not agree 
with this, but very often it is moisture and not so much temperature 
that determines the distribution of forest vegetation in such regions. 
In any case it is obvious that plants, since they emerged from their 
original water environment, have developed through the course of 
evolution an enormous variation in adaptations which appear to 
have survival value in coping with a varying water supply. Con- 
sidering this great diversity of structural differences among plants, 
it should be no surprise that a subject like “ drought resistance ” 
cannot easily be interpreted in the course of a few experiments. 
Added to the genetic variations, there are often extensive changes 

1 We are indebted to Paul J. Kramer, Durham, North Carolina, and 


Arthur Pisek and Walter Larcher, Innsbruck, Austria, for their numerous 
helpful suggestions on certain sections of this paper. 
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induced by the kind of environment in which a plant is grown 
(Tumanov, 1927). Before indulging in further discussion, a few 
definitions should be made. 

In science, definitions are frequently made but are seldom in 
complete agreement with one another. One of the most simple 
and yet complete definitions gave “drought resistance” as the 
capacity to survive periods of drought with little or no injury 
(Meyer and Anderson, 1952: 263) ; drought itself was defined as 
a period during which the soil contains little or no water which is 
available to plants, although these writers pointed out that drought 
is not subject to any rigid definitions. Nevertheless, rigid defi- 
nitions have been attempted. The British meteorologists defined 
“absolute drought” as a period of 14 or more consecutive days 
without rain (Funk and Wagnalls, 1917), and the U.S. Weather 
Bureau defined drought as a period of 21 days or longer when 
the rainfall is but 30 per cent of the average for the time and place, 
but the considerations of Thornthwaite indicate that such definitions 
do not necessarily characterize soil moisture conditions (Encyc. 
Britt., 1954). Beard (1944) felt that evaporation should be con- 
sidered as well as the soil water availability. This would seem 
to be an improvement on Kincer’s concept (Daubenmire, 1947: 
110) that drought is simply the number of consecutive days with- 
out significant precipitation. Daubenmire, however, went on to 
state that the evaporation factor should be included if data are 
available. 

One sometimes finds the word “ drouth” in the literature, but 
this appears to be only a synonym of “ drought”, and the latter 
is usually preferred. The origin of both words seems to be from 
the Old English “ driigath ”, thence to Middle English “ droght ” 
or “ drougth” (Webster, 1955) and perhaps also to the obsolete 
word “ droghte ”, and finally to “ drouth ” and “ drought”. These 
words correspond to the German “ Diirre ” or “ Trockenheit ” and 
French “ sécheresse”. H6fler and co-workers (1941) preferred 
the word “ Diirreresistenz ” for drought resistance and “ Austrock- 
nungsresistenz ” for desiccation resistance, following the usage of 
Iljin (1930)?. This was later translated to English and used by 

2 However, the definition of “Austrocknungsresistenz” given by Migsch, 


cited in Héfler, Migsch and Rottenberg (1941), is slightly different from 
Iljin’s. 





DROUGHT RESISTANCE IN WOODY PLANTS 243 


Levitt (1951). We will also follow this procedure, namely, that 
“ desiccation resistance” refers to the resistance of tissues to low 
water content without any particular adaptations for water content 
control, but that “ drought resistance” is the overall resistance to 
drought. ‘‘ Protoplasmic resistance” should probably be used only 
for resistance of the protoplasm itself. 

The word “xerophyte” is, of course, of much more recent 
origin, evidently invented by Clements (1902) and used to refer 
to a plant that can resist drought. This idea was based on field 
observations and was, therefore, a phytogeographic instead of a 
physiological concept. In contrast to this, many of the early work- 
ers about the turn of this century, e.g., Jost, Schimper and Kamer- 
ling, performed some simple experiments and concluded that the 
definition of a “ xerophyte” should be made on a physiological 
basis. Jost, for instance (cited by Kamerling, 1917), stated that 
plants of drier habitats which exhibit decreases in transpiration 
should be called “ xerophytes”. Schimper (1903: 2) also felt 
that it was one of the adaptations of xerophytes that they can 
reduce transpiration to low levels. Kamerling, however, on the 
basis of his own experiments felt that no very clear definitions 
could be made, since, for instance, many trees which survive sea- 
sonal drought in the tropics, during which time they shed their 
leaves, can lose enormous amounts of water during the wet season. 
In spite of this, he finally concluded that xerophytes are plants 
which require relatively little water for their normal life processes 
(Kamerling, 1917). 

This concept was apparently exchanged during the 1920’s for 
the more general usage, and Huber’s definition has been widely 
accepted (Hofler, Migsch and Rottenburg, 1941), namely, that all 
plants which can withstand physiological drought of the soil or 
high evaporation of the air without suspension of their life proc- 
esses are to be called ‘“‘ xerophytes”. Maximov (1929b: 249) 
also took this general stand and concluded that xerophytes are 
simply plants that are exposed to a deficient water supply; on the 
other hand, in contrast to the early German workers, he considered 
“true xerophytes”” to be plants that can withstand large water 
losses without dying. 

At the recent International Botanical Congress, Stocker (1954) 
stated that Kamerling’s question: “ Which plants shall we call 
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xerophytes?”’ is obsolete, for the reason that a single group of 
plants, all growing in the same apparently droughty location, have 
so many overlapping and interblending adaptations that no clear 
lines among them can be drawn at all. In other words, the con- 
venient and long-accepted classification of Shantz (1927) would 
seem to be rather artificial, since many of the “ drought-enduring ” 
species probably possess a number of adaptations besides mere 
desiccation resistance. 

In this paper, therefore, we plan to consider the main points 
which might influence the total or overall drought resistance of 
a plant, namely, the “ constitutional resistance” of Stocker (1951). 
This is not the same as Biebl’s meaning applied to marine algae 
(Biebl, 1949, 1952). It is also of importance to consider the 
resistance of a species as a whole, including its life cycle, in con- 
trast to the resistance of its photosynthetic organs alone ( Walter, 
1931: 111), and we intend to include these considerations in this 
discussion. 


Historical Background 


The oldest ideas concerning various disturbances to plants go 


nearly as far back as recorded history. As was the case with 
chemical theory, an understanding of water relations had to await 
the development of sound concepts of the physical state of matter. 
Evaporation and condensation were largely misunderstood through 
most of the Middle Ages, and the concept of “ vapors’’ was so 
closely entwined with supernatural forces that it remains for most 
of us in our present materialistic age as only of historical interest 
(Pachter, 1951). One of the best reviews of the ancient ideas 
of disease arising from non-parasitic causes is contained in Sorauer 
(1933: 3). 

With few exceptions, such as the work of Stephen Hales (1727) 
on water translocation in trees, the problem was not seriously 
approached until the middle of the last century. Robert Hartig 
(cited in Busgen and Munch, 1929: 307) measured the water 
content of 30 species of trees at various times of the year and 
found definite fluctuations in this content which seemed related 
to environmental changes. The decrease in water content in late 
winter was believed to be caused in certain species of trees by de- 
crease in absorption of water by roots in comparison to continued 
loss from the leaves (Kosaroff, 1902). 
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Although considerations of transpiration may seem to have 
little to do with the problem of drought resistance in the light of 
Maximov’s publications (cited below), it is nevertheless well to 
consider some of the early work in this extensive field. Trans- 
piration rates of young trees were measured by the phytometer 
technique in the previous century (von Hohnel, 1879), and the 
water transpired from different species was compared. Later 
critics pointed out that these figures were based on fresh weight 
and therefore had little meaning for entire trees, since some 
trees have far greater leaf mass than others. Huber (1953) 
has recently discussed this problem and summarized much of 
the information. 

Furthermore, as Biisgen and Minch (1929: 304) pointed out, 
transpiration is influenced not only by the amount of leaf but also 
by the quality of site and by water availability at different times 
of year. These writers also reflected the widely-held concept that 
as water becomes limiting, the stomate action of the tree leaves 
tends to retard water loss and thus to make adjustments, an idea 
later expressed by Huber (1931). The fact that transpiration 
may diminish soon after the water content of the soil falls below 
the field capacity but before the ultimate wilting point is reached 
has been pointed out by a number of writers (Gradmann, 1932; 
Furr and Reeve, 1936; Schneider and Childers, 1941; Loustalot, 
1945; Lane and McComb, 1948; and reviewed by Kramer, 1949: 
63). On the other hand, Veihmeyer and certain others (cited by 
Kramer, 1949: 62) felt that water is equally available to the plant 
down to the wilting point. 

In considering the succulents, the idea of plants maintaining 
their water content at high levels in time of drought is quite 
obvious. But this idea was extended to:many other kinds of 
plants at an early time. Schimper (1903) was one of the first to 
notice that many arctic plants have succulent characteristics and 
suggested that this is an adaptation to “ physiological drought ” 
produced by the frozen condition of the soil. Also, in studying 
tropical vegetation he concluded that water retention plays an 
important role in survival of many of the species growing in regions 
of seasonal drought. Other writers of the early part of this 
century did much to forward the idea of water retention in many 
other kinds of plants. Kamerling (1917), for instance, in Rio 
de Janeiro found that excised leaves (severed at the’ petiole) of 
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Ficus elastica dried out in about six days in the shade, but excised 
leaves of Philodendron pertusum lasted in a fresh condition for 
31 days in the shade. This was explained by the low transpi- 
ration rate from the leaves of the latter plant, amounting to only 
0.7 per cent of its total leaf weight each day. Judging from Sachs’s 
early experiments (cited in Bonner and Galston, 1952: 151), the 
loss of weight due to respiration would be a negligible percentage 
of the loss in weight attributable to water lost. We have calcu- 
lated from the respiration (CO: released), of Pinus ponderosa 
leaves (Parker, 1954b) that only about four per cent of the weight 
loss in the first four days after excision is due to respiration at 
25° C. 

Although water retention seems to be a factor of importance in 
many plants, the idea has sometimes been carried to extremes. 
It was often felt that xerophytes are plants that transpire very 
little water (see introduction of this paper). In contrast to these 
ideas, Maximov (1923; 1929a), and closely followed by Alexandrov 
(1924), Mittmeyer (1931) and Haas and Halma (1932), found 
that certain xerophytes transpire fully as much as mesophytes 
when water is readily available. Furthermore, Maximov and 
Krasnosselsky-Maximov (1924) found that the level to which a 
plant can be dried without killing it varies widely from species to 
species. This idea had already been propounded for woody species 
in an unpublished doctoral dissertation some years before 
(Schréder, 1909) and has since been cited by Maximov (1929b: 
243). The idea of high resistance of the cells of mosses to de- 
hydration had been forwarded by Holle (1914), and the idea of 
a lethal level of moisture content had been presented by Neger and 
Fuchs (1915) for conifer leaves sometime before Maximov’s pub- 
lications on the subject. But Maximov realized the importance of 
the concept and went so far as to state that Schimper was in error 
(Maximov, 1929a). This point of view was soon given added 
strength by Iljin’s oft-cited work (Iljin, 1930, 1932, 1933, 1935) 
and more recently by that of many others, for instance, HOfler, 
Migsch and Rottenburg (1941) and Hofler (1950). About the 
time that Maximov’s early papers appeared, Korstian (1924) also 
suggested that the “ density of the cell sap” (osmotic concentration 
of expressed cell contents determined cryoscopically) is associated 
with drought resistance in many conifers of the western United 





DROUGHT RESISTANCE IN WOODY PLANTS 247 


States: the higher the density the more resistant they were sup- 
posed to be. 

As a result of this work there has been a tendency, especially 
in this country, for physiologists to regard desiccation resistance 
as of prime importance in explaining drought resistance. At the 
same time the idea of lowered transpiration rate during a drought 
has seemed to have fallen into disfavor. This has been partly 
caused, perhaps, by a reaction against the teleological explanations 
so often found in the older texts, but also by the fact that water 
relations of plants have largely become the realm of ecologists, 
while many physiologists with their ever-growing interest in bio- 
chemistry have regarded many phases of water relations as pure 
ecology and of no interest to them. 

Another of the older ideas that has now fallen largely into dis- 
repute is that many semi-desert plants with supposedly higher 
osmotic concentrations and thus higher diffusion pressure deficits 
can withdraw more water from the soil than those with lower 
osmotic concentrations (Fitting, 1911). However, Curtis and 
Clark (1950: 160) have argued that these high osmotic concen- 
trations are probably a result of the environmental conditions 
under which the plants are grown and not something characteristic 
of xerophytes. Marshall (1931), in reviewing the problem, cited 
several writers who believed that drought resistance might be 
estimated in terms of the amount of soil moisture remaining when 
wilting occurs. But as Curtis and Clark pointed out, in the range 
of the wilting percentage, only slight changes in the water content 
result in very great changes in the forces with which water is held 
in the soil, so that whether a plant has a higher diffusion pressure 
deficit than another or not would make little difference. The fact 
that various kinds of plants have essentially the same wilting point 
was made clear by Briggs and Shantz (1912), although Marshall 
(1931) gave Cameron and Galagher in 1908 credit for having been 
earlier in this discovery. 

Another idea related to this was that high osmotic concentration 
can appreciably retard transpiration (Fitting, cited by Maximov, 
1929b : 273), but this was disputed by both Livingston and Renner, 
according to Maximov. The table presented by Bonner and 
Galston (1952: 108) would suggest that with low vapor pressures 
in the air, these differences in osmotic concentration could not 





248 THE BOTANICAL REVIEW 


account for much variation in water loss. However, under con- 
ditions of high atmospheric vapor pressure, the situation could 
be quite different. Furthermore, the experiments of Boon-Long 
(1941), carried out in Curtis’s laboratory, indicated that consider- 
ations based on theoretical values, such as those of Bonner and 
Galston, may be sound in themselves but do not apply where 
membranes and cell walls are concerned. One rather convincing 
experiment showed that, when a collodion membrane was placed 
over a 1 M sugar solution in water, evaporation from the collodion, 
which was quite permeable to water, was decreased to one tenth 
of the evaporation from the solution without the collodion. Boon- 
Long explained this on the probability that the solute concentra- 
tion was higher in the capillaries of the membrane because of 
evaporation. Other experiments of his would seem to indicate 
that increasing the sugar content of leaf cells does, indeed, greatly 
decrease transpiration without any change in stomate opening. 
Perhaps one could criticize his method of determining stomate 
opening, but other experiments seem well founded. In this con- 
nection it is of interest to note that Stalfelt (1932) and Pisek and 
Berger (1938) found that as the leaf dehydrates, cuticular trans- 
piration decreases (see also Shreve, 1931). 

Still another idea involving osmotic concentration was that it 
influences the desiccation resistance, perhaps through its effect 
on the protoplasm and vacuole. Although variations in osmotic 
concentration have been shown to have little or no absolute as- 
sociation with either cold or desiccation resistance, an annual 
increase in osmotic concentration seems to reflect chemical or 
physical changes that, to use Levitt’s expression, constitute a sort 
of second line of defense to damage from cold (Levitt, 1941) and 
thus perhaps also to desiccation, although Hofler, Migsch and 
Rottenburg (1941) felt that osmotic concentration itself can not 
be used as a criterion of drought resistance, since some drought- 
resistant plants have a low osmotic concentration and some non- 
resistant ones have a high osmotic concentration. Diurnal as 
well as seasonal fluctuations in this value were studied in Meta- 
sequoia glyptostroboides, and a considerable part of the osmotic 
concentration was believed to be caused by the presence of K+ and 
Cl—- as well as sugars (Kurimoto, Takada and Nagai, 1954). 

In considering the plant as a whole, however, a number of other 
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adaptations have to be included. Huber (1924, 1935) and also 
Thoday (1931) concluded that effectiveness of absorbing surface, 
resistance of conductive system, and area of transpiring surface 
all play a role in the water economy of a tree. This will be con- 
sidered in the sections on root, stem and leaf adaptations in this 
paper. 

Also in recent years we have seen the acceptance of the basis of 
the water-maintenance concept together with that of the desiccation 
resistance concept. For instance, Pisek and Berger (1938) made 
it clear that there are distinct differences in water retentive capac- 
ity of various coniferous leaves when they are excised and that, 
although this constitutes their main source of resistance to drought, 
there are also slight differences in desiccation resistance among 
different species. Chu (1936) also found differences in lethal 
level of moisture content in leaves of various woody plants, but 
distinct differences between certain of the species are not very 
clear if one examines his data. Schopmeyer (1939), on the other 
hand, felt that water retention in leaves of Pinus echinata plays 
a role in drought resistance of this species. 

It seems fairly obvious that, even though some plants may lose 
large quantities of water when the soil has ample moisture, they 
may be able to decrease this transpiration to low levels during 
time of drought, an idea stated by Weaver and Clements (1938: 
445) and more recently by Walter (1949: 248). Actually even 
Maximov (1929a) made some remarks to this effect in spite of 
his criticism of Schimper. In fact Maximov quoted Bergen and 
also Guttenberg to point out that water loss can be reduced to very 
low levels in some plants (Maximov, 1929b: 266) and that this 
can influence drought resistance (Maximov, 1923, 1929b: 390). 

H6fler and his associates (1941), who did much to forward the 
idea of desiccation resistance, stated that drought resistance is the 
sum of all factors which enable the plant to persist on a dry habitat 
and to survive a drought period: transpiration regulation, water 
storage in tissues, development of high osmotic pressure ..., better 
water conduction, as influenced by root system and capacity of the 
conductive system... , and finally the ability to withstand water- 
lack through severe wilting without damage. 

Experiments of Parker (1951, 1952a, 1954c) with Rocky Moun- 
tain conifers seem to agree in their results with those of Pisek 
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and Berger (1938), although we noted no particular differences in 
desiccation resistance among different species. It was concluded 
that many adaptations play a role, including water content of the 
trunk, branches and twigs, so that no one factor can be said to be 
the only one in making one species of conifer more drought re- 
sistant than another. Even though plasmolysis experiments indi- 
cate some slight differences among species in resistance to this 
treatment, results of slow cooling and thawing (1° C./hr. change) 
showed no appreciable differences between Abies grandis and 
Pinus ponderosa, although their resistance fluctuated greatly with 
the season (Parker, 1955a). This fact suggests little difference 
in desiccation resistance in these species, although Pinus ponderosa 
is considerably more drought resistant than Abies grandis, at least 
when about three years old. 

It is one of the interesting recent developments that an increase 
in resistance to cold has been closely related to an increase in 
resistance to desiccation (Siminovitch and Briggs, 1953; Pisek 
and Larcher, 1954). This idea is actually not new, since Maximov 
(1914) and Harvey (1918) proposed it many years ago, but it 
is much better established today. Furthermore, these hardiness 
changes can be related to changes in resistance to plasmolysis and 
deplasmolysis in solutions (Siminovitch and Briggs, 1953). 

We are then led to inquire as to the causes of this resistance, 
and although many have considered the protoplasm to be of prime 
importance, Hofler (1950) and Levitt (1951) have pointed out 
that desiccation resistance and cold resistance affect more than 
just the protoplasm. Ho6fler (1950) stated that death results from 
desiccation, as we have known since Iljin, more because of mechan- 
ical causes which are dependent on the construction of the cell 
wall, the thickness of the wall coatings and the size of the vacuole, 
than upon the inner characteristics of the plasma as such. The 
protoplasmic field itself is very complicated, and the literature 
deals not only with zoological and botanical treatments but also 
with those of physical chemistry (e.g., Jones and Gortner, 1932). 

In such a complex field it is to be expected that there would 
be some sharp disagreements over the state of the protoplasm in 
the “hardened” and “ unhardened” condition. Some workers 
have believed that the protoplasm becomes more viscous on hard- 
ening to cold (Kessler and Ruhland, 1938) ; others have thought 
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it becomes less viscous (Scarth and Levitt, 1937). Some have 
thought that the protoplasmic structure tends to open up on harden- 
ing to cold, but that it becomes more firmly bound on hardening 
to desiccation (Stocker, 1951), an idea which seems to have its 
origin in the work of Schmidt (1939). Stocker’s concept has 
been considered by Levitt (1951) to be based on non-existent 
evidence. Changes in permeability have also been associated 
with hardening, but permeability to one compound seems to in- 
crease while permeability to another decreases (see below under 
desiccation resistance). 

The problems to be solved would seem to lie largely in the 
changes of the cell contents with hardening, including the vacuole 
as well as the cytoplasm. Considering the water economy of the 
whole plant, much has yet to be learned about vital resistance 
(Stocker, 1954), i.e., when the plant is not killed by a drought 
but comes under a certain amount of stress, and this might be of 
importance to future growth and competition with other species. 
For instance, more needs to be known of the changes in photo- 
synthesis with dehydration of the tissues, although this has already 
been studied to some extent (Iljin, 1923; Heinicke and Childers, 
1936; Stocker, 1937 ; Kozlowski, 1949; Bormann, 1953; Eckhardt, 
1953; Negisi and Sattoo, 1954, 1955b). 


Problems of Approach 
EFFECTS OF EXCISION 


In order to determine whether a certain adaptation is of any 
survival value to the plant in times of low soil or atmospheric 
moisture, the investigator is, of course, confronted with conducting 
an experiment that is free of influences besides those he wants 
measured. Perhaps the simplest type of experiment is the one 
involving the whole plant, as, for instance, with the phytometer 
technique. But the fact that one species lives longer than another 
in un-watered phytometers, as in the experiments of Daubenmire 
(1943) with Rocky Mountain conifers or of Parker (1952b) with 
southeastern conifers, may be revealing for their absolute drought 
resistance but does little to indicate what might happen in less 
severe droughts and also little to explain what causes this 
resistance. 

Ordinarily we are forced to dismember the plant in some way 
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to test one organ at a time, and this leads at once to other in- 
fluences. Excision of the branch or twig may, in some cases, lead 
to fundamental changes which make the experiment of no value. 
For instance, a cut twig of Pinus austriaca, even though cut under 
water and kept with the cut end submerged, may not take up 
enough water to compensate for foliar losses. This may be caused 
by blocking of the functioning xylem with resinous exudations, 
although we have not proven this. A twig of Thuja plicata, on 
the other hand, usually continues in a viable condition for many 
weeks when cut under water and left with its cut end in a jar of 
tap water. 

Dismemberment of the leaves is even more dangerous, since the 
food exchanges to the stems are cut off. The effect of shock 
does not appear to be of any significance in excision of conifer 
leaves, but the mere act of cutting is believed sometimes to cause 
stomate closure in some plants (Curtis and Clark, 1950: 223, 
citing Knight, 1917). The only original paper we have found on 
this is that of Laidlaw and Knight (1916) which showed that 
about seven minutes after severing there was a slight opening of 
the stomates in leaves of various species. Electrical relationships 
also may be varied by cutting as in oat coleoptiles which are 
mechanically stimulated (Schrank, 1944) or in coleoptiles which 
are killed in certain areas by boiling (Lund, 1947: 54). 

Judging from the results of tissue culture work, excision itself 
is not a matter causing great difficulty. In our work with conifer 
leaves it appeared that they could be excised and kept alive in the 
dark for several weeks if kept hydrated and free of attacking 
organisms. Viability was indicated by the leaf’s normal dark green 
color, its flexibleness, the normal appearance of the cell contents, 
and a positive tetrazolium test. Clark (1954) showed that ex- 
cision of conifer leaves did not affect the photosynthetic rate for 
several minutes after severing and Negisi and Sattoo (1955a) found 
no appreciable change in photosynthesis of a severed shoot until one 
or two hours after excision. Shoots which were not placed with 
their severed ends under water declined in photosynthesis more 
rapidly than those which were. 

The biochemical changes in an excised leaf would appear to be 
of more serious nature than the immediate effects of cutting. 
Bonner (1950: 299), citing various writers, discussed the changes 
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that occurred in excised leaves of certain herbaceous plants. In 
general, protein seemed to be hydrolyzed and asparagine accumu- 
lated in the leaf after severing. During the first two days, respi- 
ration (COz release) may show a decline. Bonner discussed how 
excised leaves of barley in the dark showed a decline in CO, re- 
leased, and this appeared to be associated partly with a decrease in 
sucrose content and perhaps also in starch and certain other carbo- 
hydrates. In excised conifer leaves we also noticed a rapid primary 
decline in COz released after excision (Parker, 1952a), but other 
effects were also involved, such as the warming and handling of 
the leaves. The respiration, however, then steadied off and re- 
mained so for several days in spite of slow dehydration. 


DETERMINING VIABILITY 


COLOR CHANGES. Many workers have simply used color vari- 
ations as criteria of changes from living condition to death. In 
some species this seems sound enough, as, for instance, in some 
of the broad-leaved species which show a browning and drying up 
of leaves. But whether the leaf turns brown or not depends on 


light intensity during dehydration (Parker, 1953b) as well as on 
temperature. Larcher (1954) used the transparency of leaves to 
light as a criterion of loss of life. In algae, Ogata and Nagai 
(1954) extracted the pigments and measured their absorption in 
a spectrophotometer. They found a decline in most all wave 
lengths in absorption after the cells had been damaged in certain 
ways. Dryness or crispness of a leaf might seem to be a good 
criterion of death, yet Iljin (1933) was of the opinion that if re- 
hydrated slowly enough, the tissue might often be revived. 


GAS EXCHANGE. Measurements of carbon dioxide released from 
the organism in question are open to a certain amount of question, 
not only because of the fact that the release of COz2 is not an exact 
measure of the chemical changes in the cells but also because it 
does not give an accurate measurement of the energy being re- 
leased in respiration (Curtis and Clark, 1950: 516). Under care- 
fully controlled conditions and realizing its shortcomings, it seems 
to be a useful tool in studying drought resistance (Montfort and 
Hahn, 1950; Stocker, 1951), especially where a constant record- 
ing apparatus, such as the infra-red gas analyzer with a point re- 
corder, can be used (Huber, 1950; Parker, 1953a). The intro- 
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duction of the Beckman oxygen analyzer should also be useful in 
measuring instantaneously the amount of Og: in an air stream. 


ELECTRICAL MEASUREMENTS. In recent years studies of electri- 
cal relations in living tissues, perhaps beginning with the work of 
Osterhout (1922) and later by Luyet (1932), Rosene (1935), 
Schrank (1944) and Lund (1947), have shown that it is possible 
to measure electrical fields and currents in living cells. One of the 
advantages of the method of Greenham and co-workers (1950, 
1952) for determining viability in plants was believed to be that 
the use of simple wire probes left the tissue intact for other meas- 
urements. Greenham and associates (1952) made their measure- 
ments of conductivity at audiofrequency and used an A.C. bridge 
of the variable resistance type; potential differences across the 
probe points were determined by a vacuum tube voltmeter. 
Changes in capacitance as well as equivalent parallel resistance 
were associated with the dying of the plant tissue. Although water 
content of the tissue affected results, the method seemed promising 
to these investigators. In connection with this, the potentials of 
tumerous tissue from tomato plants were found to be different 


from those in tissue of normal tomato plants (Wilcox, Knight, 
and Bless, 1953). 


ENZYME MEASUREMENTS. In seed analysis, enzyme tests, such 
as the test for catalase, have long been experimented with, but 
none has been so useful and trouble-free as tetrazolium salts, 
in particular, light-sensitive 2,3,5-triphenyltetrazolium chloride 
(TTC) (Kuhn and Jerchel, 1941). The original warning of 
these writers that it might indicate but not necessarily prove via- 
bility has been borne out by subsequent work. There has been 
some research, however, which appears to discredit the method 
as a proof of viability (Gunz, 1949; Brown, 1954). 

The reliability of TTC as a viability indicator has been dis- 
cussed by Parker (1953a, 1953b, and 1955b). It was concluded 
that although reduction of TTC and its closely allied derivatives 
might not always be a good indication of viability since they can be 
reduced by various non-living means, their lack of reduction in 
cells which normally reduce them is a fairly sure sign of the lack 
of viability. 

Reduction of TTC is carried out normally through the action of 
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succinic and isocitric dehydrogenases in corn embryos as well as 
by certain oxidases and possibly other related enzymes; also these 
reactions may be mediated by diaphorase (Throneberry and Smith, 
1953). Blue tetrazolium, a ditetrazolium salt, may be reduced by 
a somewhat different group of dehydrogenases and oxidases 
(Dianzani, 1953). It is of interest that blue tetrazolium is not 
only light-stable, and thus unlike TTC, but also fluorescent in 
ultraviolet light. 


DYES AND FLUORESCENCE. The method often used in determin- 
ing viability of cells has been the dye penetration test, either into 
or out of the cells (for example, Siminovitch and Briggs, 1953; 
Etz, 1939; both of whom used neutral red). Ordinarily tissue 
slices are used, soaked in a solution of the dye, and the or 
of the dye determined under the microscope. 

Another variation on microscopic techniques has been the use of 
fluorescence. One method is to employ a dye that is fluorescent 
in ultraviolet light and to determine its penetrability into the cell 
(Strugger, cited in Parker, 1952a, 1953b). Among the various 
fluorescent substances, rhodamine B has recently been used with 
good success (Keller and Chiego, 1949). Changes in the intensity 
of the natural or “ primary” fluorescence of the cells has been 
mentioned by Parker (1952a, 1953b) and by Larcher (1953). Bio- 
logical applications of fluorescence microscopy have been reviewed 
by Ellinger (1937) and Richards in Mellors (1955: 5/22). Luyet 
and Gehenio (1936) and Brumberg and Larinow (1947) showed 
that some kinds of cells change in their absorption of ultraviolet 
light as they die. 


DIFFICULTIES IN COMPARING ARITHMETICAL VALUES 


Plant physiologists have long been plagued by difficulty in arith- 
metically expressing their data in comparing one species with an- 
other. A good example of this is in the comparison of percentage 
values of water content between two species. If both plants were 
constructed alike, the difficulty might be resolved, but they never 
are exactly alike. 

Suppose, for example, we have a leaf with a great deal of water- 
containing xylem and another with very little such xylem. The 
latter probably would have more living cells than the former. If 
both tissues were dehydrated to the same extent, both losing the 
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same amount of water, the former would probably show a move- 
ment of water from the xylem tissue into the living cells, while the 
latter would show little such movement. Although both leaves 
might lose the same amount of water, the former would have living 
cells which might well have more water than the latter leaf. Such 
a shift of water during dehydration is not mere theory, since 
Ursprung and Blum (1945) demonstrated its occurrence in dehy- 
drating conifer leaves. 

One way of avoiding some of this difficulty in comparing the 
water content of one species to that of another is to use the satu- 
ration weight of the leaf and to involve other factors so as to come 
out with something which might appear, at least, to be better. 
Stocker (1929a) used the saturation water content (the most 
water the leaf cells can hold) in estimating daily variations in 
water content in one plant, a situation which seems mathematically 
sound enough in itself. Stefanoff (1931) also made use of the 
concept, but Hofler, Migsch and Rottenburg (1941; also reviewed 
in Levitt, 1951) went much further than this. They used it to 
compare lethal levels of water content in different plants. How- 
ever, if we substitute algebraic symbols for their expressions, the 
meaning of the formula can be better realized: 

Let x = the saturation weight of the leaf 

a =the fresh weight 

b =the dry weight 

c =the weight of leaf at lethal level of water content. 
Then according to their system we have: 


x-a 


eae ae 


= natural saturation deficit (1) 


and 


(100) . = — : = critical saturation deficit (2) 


The authors then divide expression (1) by (2) and we get 


(100) (x-a) x-b « plant : =~ 
one "(x-6) (100) ~ pliant requirement 





It will be seen that the x—b factors and 100’s cancel out and 
that we end up with (x—a)/(x-c). Aside from the introduc- 
tion of the saturation weight we still have the fresh weight factor 
and we still have the lethal level of water content, each affected by 
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anatomical variations among species. Regardless of how ingenious 
the formulae become, it appears that in the end they do not escape 
from the fundamental difficulty. Runyon (1936) concluded that 
we have no method for determining water content, even in the 
protoplasm, and he quoted Vassiljev (1931) who found that satu- 
ration water content determinations could easily be too high. 
Nevertheless we entirely agree with Hofler et al. that the use of 
the saturation water content would appear to be of special impor- 
tance in calculating water deficits in leaves of such species as Lar- 
rea tridentata, since under drought conditions the “ normal ” leaf 
water content may be far below it. Pisek and Winkler (1953) 
compared in tabular form the amount of dry weight and water 
content above and below the lethal level as a percentage of the 
saturation weight in several plants. The variations from plant to 
plant were quite marked, although a number of species had certain 
values roughly in common so that they could be grouped together. 
In conclusion, it appears that there is no way of expressing lethal 
levels by a percentage value so that one species can be compared 
in its desiccation resistance with absolute infallibility with another, 
but that, if we confine ourselves to species of rather similar struc- 
ture, the errors should be at a minimum. 


Factors Contributing to Drought Resistance 
DESICCATION RESISTANCE 


It is difficult to distinguish between the resistance of an entire 
cell and that of its protoplasm alone (Hofler, 1950; Levitt, 1951). 
It would thus appear that the atmospheric desiccation method so 
commonly used to test tissues, measures the entire cell, and per- 
haps tissue resistance, instead of the resistance of the protoplasm 
alone. The size of a cell has been suggested to be of importance 
(Ijin, 1935; Siminovitch and Briggs, 1953). Also its shape and 
the size of the vacuole as well as the vacuolar composition have 
been considered to be of importance in withstanding desiccation 
(Iljin, 1935). Hofler (1950) also mentioned cell wall structure 
in this connection. We are therefore confronted with numerous 
factors which enter into a study of desiccation resistance. 

Changes that occur in the protoplasm have received a large 
amount of attention, and a sort of unified picture has been pre- 
sented by Stocker (1951) which sums up much of his previous 
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work and that of many others. Some of this is unfortunately in 
unpublished doctoral dissertations and thus hard to judge; in fact 
his conclusions have been sharply criticized by Levitt (1951). 

Stocker pictured the protoplasm as a lattice-work of thread-like 
protein particles filled with water, in which salts, sugars and pro- 
teins are dissolved or suspended. The condition of this lattice- 
work is pictured as controlled by “ Haftpunkte ” or points of ad- 
hesion, by which the protein molecules are connected. These 
points of adhesion may be chemical valence bonds, electrical at- 
tractive forces or adsorptive forces. The hardening of an intact 
plant, which was brought about by depriving the soil of added 
water for a period of time, was believed to result in a firmer bind- 
ing of these protein threads, and this, in turn, was supposed to be 
associated with an increase in structural viscosity and a decrease 
in pore-permeability (to water and urea). In cold resistance, on 
the other hand, Stocker pictured an opening of the lattice system, 
resulting in increased pore-permeability and stronger hydration. 
That drought hardening and cold hardening might be two different 
processes was also suggested by results of his school which showed 
an increase in respiration after exposure of plants to drought but 
a decrease in respiration after subjection to cold with subsequent 
warming. A great deal of his theory seems to be based on the re- 
sults of shaking experiments of Kahl (1951; also discussed by 
Stocker, 1948) and on a comparison of such changes as those of 
respiration after shaking to those after subjection of a plant to 
drought. Simonis (1952) also explained this respiratory change 
on the basis of changes in the protoplasmic structure and in spatial 
relationships within the protein network. 

In any case these theories seem hard to reconcile to the idea that 
cold resistance (involving slow cooling and warming: 1° C./hr. 
change) and desiccation resistance undergo a nearly simultaneous 
change in a great many plants (Siminovitch and Briggs, 1953; 
Pisek and Larcher, 1954). In answering the question that this 
problem poses, Stocker (1955) considers that the effects of 
drought on the protoplasm take place in two stages: the reaction 
phase and the restitution phase, the first involving disorganization, 
loosening of the fibrils, and decrease in viscosity, the second in- 
volving hardening, reorganization, and increase in viscosity. Since 
some investigators have measured one phase and others another, 
results are difficult to compare. 
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The conditions of protoplasm are extremely complicated, if we 
are to judge from the works of such investigators as Frey Wys- 
sling (1953) and DeRobertis, Nowinski and Saez (1954). Ap- 
parently we are dealing with an enormously variable structure, 
even in one kind of cell, to say nothing of the variation between 
species. Ultra-centrifugation and the electron microscope in par- 
ticular have revealed that there are in general four fractions con- 
taining enzymes: (a) nuclei, (b) mitochondria (visible under the 
ordinary microscope), (c) microsomes (submicroscopic), and (d) 
ground plasma (DeRobertis et al., 1954: 359). The mitochondria 
themselves are quite complex and apparently have their own 
membranes. The spatial arrangement of enzymes on or in the 
mitochondria is not known. Also the general mass of the cyto- 
plasm is different in its outer portion, as can be shown by centri- 
fuging intact cells. Evidently it has a sol-gel interchangeability 
that is more or less unique in certain kinds of cells. That these 
membranes are not simply interphasic states of the cytoplasm and 
that they may play an important role in prevention of rupture of 
the cytoplasm during shrinking with dehydration or with plasmol- 
ysis has already been considered (Scarth, Levitt, and Siminovitch, 
reviewed in Curtis and Clark, 1950: 289). According to their 
theory, the ectoplasm becomes more fluid in cold-hardened cells. 
It is possible that changes in permeability would also be accounted 
for by changes in this outer layer of cytoplasm. On the other 
hand, according to Priestley (1930) the cambial cells of certain 
trees pass entirely into a gel state at the start of the dormant sea- 
son and return to a sol state in spring. Bailey (1954: 39) de- 
scribed some marked changes in vacuolation in conifer cambial 
cells with the season that might be related to Priestley’s observa- 
tions. 

Respiration rate changes should also be carefully considered. 
A great many different things can cause these changes. We have 
found, for instance, that the speed of drying makes a difference in 
the respiratory rate as measured by COz release (Parker, 1952a), 
although perhaps here we are dealing with a climacteric such as 
that found in ripening fruits (Biale, 1950) and not with changes in 
intact plants with hardening. The respiration rate also may go 
into a climb after desiccation treatment with subsequent rehydra- 
tion (Montfort and Hahn, 1950); the greater the climb, the 
greater the damage to the protoplasm is assumed to be. Negisi 
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and Sattoo (1955b) found that excessive as well as deficient 
watering of intact woody plants causes subnormal respiration rates. 

Short term changes in COz release rates are often of a different 
nature, being caused by such things as alteration of quantity of 
substrate. This change is quite remarkable in such material as 
tissue slices in a Warburg manometer when the tissue is starved 
and then has glucose added. Other changes may also be involved. 
Millerd, Bonner and Biale (1953) have investigated the causes of 
the respiratory rise in ripening avocado fruits and concluded that 
in unripened fruit the respiration is limited by the capacity of the 
phosphorylation system. They found that the rate of substrate 
oxidation by respiratory particles was dependent upon the con- 
centration of phosphate acceptor. Although the rate of substrate 
oxidation is normally limited by this capacity to the phosphate ac- 
cepting system, the limitation can be removed with such a sub- 
stance as 2,4-dinitrophenol which severs the coupling of mito- 
chondrial oxidation to oxidative phosphorylation. The climacteric 
rise (increase in O2 uptake) was then concluded to be caused 
probably by an uncoupling process. 

Perhaps these changes are not related in any way with those of 
hardening or of protoplasmic disarrangement, and probably Oz in- 
take and COz: release do not necessarily represent respiration to 
the same degree, but in any case it can be seen that respiratory 
rises and decreases can be caused by numerous factors. 

Still other considerations should enter into a study of harden- 
ing. It would seem that we are dealing not only with 
biochemical changes during hardening but also with grosser 
changes which are indicated by such conditions as the clumping of 
the chloroplasts, appearance of thread-like strands (visible in pho- 
tomicrographs of Kessler and Ruhland, 1938), changes in vacuola- 
tion, and differences in the shape of the plasmolyzing cell contents. 
Borriss (1938), however, has pointed out that the appearance of 
plasmolysis (convex or concave) is different in different plants 
and can be varied by using different plasmolyzing media, a point 
which may be a criticism of Kessler and Ruhland’s work. 

At present the problem of structural viscosity of protoplasm 
would seem to be one of the centers of attention in explaining 
hardiness, and yet there have been some fundamental disagree- 
ments on this. Thus Kessler (1935) forwarded the idea that 
when a plant becomes frost-hardy, its protoplasmic viscosity in- 
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creases and it is therefore more difficult to rupture and kill by de- 
hydration accompanying slow freezing. Scarth and Levitt (1937), 
on the other hand, felt that the viscosity decreases on hardening, 
thus making the protoplasm more fluid and less likely to rupture. 
In a later paper Kessler and Ruhland (1938) considered Scarth 
and Levitt’s paper in some detail and produced further evidence 
to support their own conclusion. The lowered rate of chloroplast 
sedimentation in intact cells was believed by Kessler and Ruhland 
to indicate an increase in viscosity. Schmidt, Diwald and Stocker 
(1941) came to the conclusion that the viscosity of the plasma is 
a structural viscosity dependent on two components: the viscosity 
or flowability of the inner solution (Zwischenflussigkeit) and the 
frictional resistance of the lattice framework. Levitt (1951) later 
concluded that increase in frost hardiness is associated with a 
looser binding of the fibrils and did not mention viscosity, a value 
which seems hard to measure. This, in turn, was believed to be 
related to a higher degree of hydration of proteins. Perhaps also 
there is an increase in total water-soluble protein, a fact demon- 
strated to be related, although not precisely so, to an increase in 
hardiness to cold in Robinia bark (Siminovitch and Briggs, 1948; 
Briggs and Siminovitch, 1948). 

The idea of “bound water” has prevailed for some time 
(Meyer, 1932), although Weismann (1938) thought that it was a 
doubtful concept. So much seems to depend on the method of 
measurement that results are difficult to interpret (Levitt, 1951). 
Use of cells with large amounts of protoplasm instead of those 
with large vacuoles for experimentation would seem to be a matter 
of considerable importance in studying protoplasm effects (Levitt, 
1951). The amount of total cell water was shown by Pisek and 
Schiess] (1939) with conifer leaves to play a role in cold resist- 
ance. Perhaps an increase in cell water entails an increase of 
“ free” water over bound water. Whether such changes occur in 
the vacuole as distinct from the protoplasm is evidently not known, 
the two usually being studied together. Writers use the word 
“cell sap” quite freely, although their experiments do not men- 
tion any attempts to separate vacuolar from protoplasmic material. 

Another change in protoplasm with hardening seems to be the 
greater permeability to water and certain organics (Scarth and 
Levitt, 1937), but this field has proven complicated. Apparently 
while there is an increase in glycerol permeability with hardening, 
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there is a decrease in urea permeability; in fact, plants have been 
classified according to their permeability to these two compounds 
after hardening. Also pH may affect these permeability results 
(Bogen, 1938; Drawert, 1948, 1954). Auxins seem also to affect 
permeability of both gelatins and protoplasm (Meinl and Guten- 
berg, 1952). 

Apart from the purely physical changes there is considerable 
evidence that the increase in a number of compounds is associated 
to some extent with an increase in hardiness to cold (Levitt, 1941) 
and perhaps also to desiccation. In general, an increase in sucrose, 
glucose or water-soluble protein and a decrease in starch or certain 
minerals have each been found to be associated with but not en- 
tirely related to cold hardiness increases in different plants. For 
instance, in conifer leaves an increase in sugars seems to occur 
(Levitt, 1941, citing others), but in the bark of Robinia pseudoacacia 
an increase in water-soluble protein and a decrease in starch were 
best related to hardiness increases (Siminovitch and Briggs 1953; 
Siminovitch, Wilson and Briggs, 1953). Sugars were not re- 
garded as primary factors in the frost hardiness mechanism of 
Robinia (Siminovitch and Briggs, 1948). Levitt (1954) sug- 
gested that an increase in cold hardiness might be related to an 
increase in a sugar-protein complex, not to the free sugars them- 
selves, in some cases. 

Other plants have been considered, such as Larrea tridentata, 
wherein the protein content was higher, the resins and nordihydro- 
guaiaretic acid lower, in the more desiccation-resistant leaves 
(Duisberg, 1952). Other compounds that might be studied with 
profit are sometimes difficult to separate from interfering sub- 
stances, such as glycerol, although paper chromatography offers a 
solution to the problem. This compound is known to produce 
artificially an increase in resistance to ice formation (Luyet and 
Gehenio, 1952), although this may be a different situation from 
desiccation accompanying extracellular freezing. 


ROOTS AND DROUGHT-RESISTANCE ADAPTATIONS 


In some geographical regions the roots of woody shrubs often 
reach into layers which remain above the ultimate wilting point for 
much, if not all, of the season, while the surface soil may dry out 
to very low moisture levels (Weaver and Clements, 1938: 320). 
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It would therefore be expected that depth of root would be of great 
importance to survival. Walter (1939) concluded that differ- 
ences in root system often determine the survival of woody plants 
in the semi-desert regions of Africa, and Billings (1938) drew 
similar conclusions for some plants of North Carolina. The im- 
portance of deep roots is well exemplified by certain of the semi- 
desert shrubs of western North America, e.g., Artemisia tridentata, 
which seem to be indicators of plentiful sub-soil moisture, not of 
dry soil conditions (Hall and Clements, 1939). Reestablishment, 
however, is another problem, and only in exceptional years of good 
surface soil conditions can abundant seed grow into a few success- 
ful individuals (Daubenmire, 1947: 121; Walter, 1949: 110; 
Parker, 1954a). In forests the importance of early penetration 
of the root from tree seeds has been frequently pointed out (Haig, 
1936; Toumey and Korstian, 1937: 141, quoting Holch, 1931, 
and Toumey, 1929; Coile, 1940; Kramer, 1949: 131; Sattoo and 
Namura, 1953). Other variations in roots are considered by 
Toumey and Korstian (1937: 137). 

The total amount of absorbing surface, sometimes greatly in- 
fluenced by the fact that some roots are continually growing into 
new areas in the soil (Kramer and Coile, 1940), may play an im- 
portant role in survival. In fact, many years ago Pringsheim 
(1906) pointed out the importance of total root extent for the 
plant’s water economy in several crop plants. In woody plants 
when the root-leaf ratio is high, the leaves have a higher trans- 
piration rate per unit leaf surface than when it is low, other con- 
ditions being optimum (Bialoglowski, 1936; Parker, 1949). This 
suggests that when there are fewer leaves per amount of root, 
these few leaves are better hydrated. Variation in the ratio of 
root mass to top mass in different woody plants was thoroughly 
discussed by Huber (1924), and the amount of root was sug- 
gested by Lachenmeier (1932) to be of importance when the plant 
began to dehydrate to a slight extent and the leaves then tended 
to rely on root-absorption. 

When, however, the entire soil mass dries down to levels near 
the ultimate wilting point, the root seems to become dormant or at 
least to cease growth. In this case, on a theoretical basis, the soil 
may continue to dehydrate, due to losses of water vapor from the 
soil surface to the air, and thus become reduced to levels approach- 
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ing the hygroscopic coefficient. Under these circumstances the 
relative humidity of the soil pore spaces might be so much reduced 
as to cause a measurable loss of water from the roots by transpi- 
ration, and in fact the root water could be replaced by water from 
the leaves. We have been able to demonstrate that uprooted pine 
seedlings translocate water downwards as the roots lose water 
(unpublished data), and Stone, Went and Young (1950) showed 
that leaves could absorb water vapor from the air under dry soil 
conditions with high atmospheric humidities. Stone and Shachorf 
(1954) showed that water can be transpired from roots while the 
leaves are sprayed with water. Under wilting conditions the grow- 
ing root tips of Pinus taeda have been observed in glass boxes to 
shrink slightly and then apparently to die. At least the new 
growth, when the soil was again watered, was not from the grow- 
ing tips but from points further back (unpublished data). 

It would be expected that many of the outer cells in a greatly 
dehydrated root would die, assuming that they can not recover 
from air-dryness. This, however, is an assumption and is by no 
means well-established; little is known about drought resistance 
of roots as such. Water might be retained farther back in some 
kinds of roots at levels which might allow survival. Haberlandt 
(1928: 353) discussed experiments which indicated that water was 
retained within the endodermis of some kinds of plants under 
drought conditions. Dyes were found to enter the “ penetration 
cells ” of the endodermis but not the thick-walled endodermis cells 
themselves. Nevertheless, it is difficult to see how the endodermis 
is effective in retaining water unless it also excludes it to a large 
extent, a situation which would lead to low rates of water absorp- 
tion. Possibly the penetration cells shrink with dehydration, while 
the thick-walled ones do not. Perhaps also these cells are ex- 
tremely desiccation-resistant and do not rely on water retention for 
survival. On the other hand, extreme desiccation is probably un- 
usual, since when the leaves of oaks have died from drought, the 
roots of the same seedlings may still have white viable tips 
(Bordeau, 1954). We have found that root-tips of Pinus pon- 
derosa are killed by exposure to relative humidities of less than 
95 per cent for four days. 

If maize roots are grown in a soil that is frequently allowed to 
dry out to the wilting point, suberization seems to develop well 
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in the epidermal layers (Werner, 1931). According to Kramer 
(1949: 113), both the hypodermis and endodermis may become 
suberized in the older tissues during the first year. Only a few 
days of subjection to dry soil conditions may result in decreased 
root permeability in certain herbaceous plants (Kramer, 1950). He 
attributed decreased absorption to cessation of root elongation and 
increased suberization for the most part, although he felt that some 
decrease in protoplasmic permeability might also occur. In woody 
roots considerable water can evidently be absorbed through the 
bark, especially through the lenticels, breaks around branch roots, 
and wounds in the bark (Kramer, 1949: 116), although Huber in 
his 1952 lectures at the University of Munich mentioned that the 
last two means of entry are unlikely because of the chance of entry 
of pathogens. In any case it would be suspected that water could 
evaporate from roots under very dry soil conditions, probably 
through these same channels or directly through the phloem and 
periderm of the root bark. 

The fact that soils may dry out to very low levels seems to be 
made clear by such workers as Boyko and Abraham (1954) who 
used the term “internal dew” to describe the phenomenon of 
condensation of water vapor in very dry soils. Such water was 
believed to be available to annuals like Amaranthus blitoides and 
to contribute to its survival in Palestine soils. 

It may be argued that only seedlings are subjected to such severe 
dryness of the soil and that mature trees are seldom, if ever, sub- 
jected to complete drought, since their roots often penetrate deeply. 
We suspect, however, that trees which are weakened from the 
effects of drought are more readily attacked by various organisms, 
and thus the cause is attributed to some organism rather than to 
climatic conditions. Nevertheless there is ample evidence of fairly 
old trees suffering from drought. Boyce (1938: 52) cited, among 
others, Dunning (1925), Balch (1927), Coover (1930), Froth- 
ingham (1931), Perry and Knull (1931) and Boyce (1933), and 
discussed the work of Stickel (1933) and McIntyre and Schnur 
(1936). Other reports on drought damage to trees can be found 
in the work of Stiles (1935), Albertson (1940), Albertson and 
Weaver (1945), Lutz (1952) and Copeland (1955). Some kinds 
of leaf-fall have been also attributed to drought both in broad- 
leaved trees and in conifers (Sorauer, 1933: 429). Pool (1913) 
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also discussed leaf-fall from summer drought. Hartley and Merrill 
(1915) described marginal die-back of the leaves of Acer plata- 
noides as well as yellowing of Quercus palustris leaves after a 
drought. Considering some effects on Pinus contorta in Colorado, 
Hartley and Merrill mentioned the discoloration of bark, usually 
to brown. They also mentioned that “white pine blight” (on 
Pinus strobus) was probably due to recurrent drought. Meinicke 
(1925), a pathologist, also pointed out that conifers and oaks in 
the Sierra Nevada often died in groups after severe soil drought, 
the injury showing in the tops and progressing downwards. Dur- 
ing a drought the shallowest-rooted trees often were the ones to 
show the most damage (Meinicke, 1925; Shirley, 1934; Albertson 
and Weaver, 1945). 


STEMS AND DROUGHT RESISTANCE 


The adaptations of stems to drought are, of course, difficult to 
evaluate but can be divided into (a) water storage adaptations, 
(b) adaptations concerned with resistance to the movement of 
water, and (c) adaptations for the prevention of water loss from 
the stems. 

Fluctuations in water content in trees have been known since the 
days of R. Hartig (cited in Biisgen and Miinch, 1929: 307) and 
more recently have been considered by Langener (1932) and 
Huber (1952), and briefly reviewed by Parker (1954c). There 
seems to be little doubt that some of the trunk storage water is 
available to the leaves in time of low water absorption by the roots. 
Some of the water decline may be produced in the trunks by 
direct transpiration to the air, but this would seem to be relatively 
small. McIntosh (1949) considered that some trees could be 
“ leaf seasoned ” by leaving the branches and leaves attached after 
the trees were felled, but Smith and Goebel (1952) found little 
difference between trunk water content of felled trees of various 
species of the genus Carya with branches intact and with branches 
cut off. In citrus trees the water content of the fruits may also 
show a diurnal cycle of expansion and contraction (Bartholomew, 
1926), somewhat similar to that demonstrated by MacDougal 
(1936) in tree trunks. The lemon fruits themselves were found 
to lose very little water by transpiration. These experiments in- 
dicate the importance of the interdependence of water contents in 
various parts of the tree. 
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As water is withdrawn from the wood, gases sometimes replace 
it. In some cases, however, a considerable vacuum may be pro- 
duced which is evident when the trunk is penetrated with an 
increment borer and air can be heard entering the wound. On 
the other hand, there have been cases recorded in which the water 
came under great tension and, instead of pulling away from the 
cell walls, caused an internal rupture in the wood. This collapse 
or cracking of wood was observed by Day (1950, cited by Lutz, 
1952) in living conifers in Great Britain and was associnied with a 
severe drought in August. Lutz (1952) observed diamond-shaped 
openings in the wood of Picea glauca in Alaska and concluded that 
they must have been caused by tensions produced by condition 
of low water availability to the roots when transpiration continued 
from the leaves during the colder season. This is evidently quite 
different from “drought rings” which look like “frost rings” 
(discussed in Boyce, 1938: 50). The collapsed tissues described 
by Lutz resemble very closely those noted in kiln-dried timbers 
copiously illustrated by Tiemann (1941). One interesting thing 
about Lutz’s paper is that it describes results which Greenidge 
(1954) would seem to predict in certain kinds of woods if ten- 
sions were to reach high values. 

A consideration of resistance to water translocation in woody 
stems has been made by Huber (1928), and it appears that ring- 
porous woods, such as those of Robinia pseudoacacia, Quercus 
pedunculata and Fraxinus excelsior, which have very long uninter- 
rupted channels through a series of vessel segments, sometimes the 
full length of the tree, are the least resistant to water translocation. 
Diffuse-porous woods, such as those of Tilia tomentosa and Populus 
balsamifera, which may have unbroken elements for only one or 
two meters, proved to be more resistant to translocation. Finally 
the conifers, which have no vessels at all, showed the greatest re- 
sistance to translocation. Speed of translocation in the intact 
tree using a thermocouple method was found to follow in the same 
order, the rates in the diffuse-porous woods being slower than 
those in the ring-porous woods. The rates were so slow in the 
conifers that the method was not applicable for accurate measure- 
ments (Huber, 1935; Huber and Schmidt, 1936; Huber, 1937). On 
the other hand, the drought-resistant shrub, Larrea tridentata, was 
found by Ashby (1932) to have nearly twice the resistance to water 
translocation as the mesophytic privet, a species of Ligustrum, of 
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similar size. But even in the leaves large resistance to flow is 
believed to be encountered across the protoplasts to the mesophyll 
(Shields, 1950, citing other writers). It would appear that each 
part of the plant contributes its own resistance to translocation, 
although some may produce very little, and that in a relatively large 
tree the trunk and branch friction may be considerable, but that 
ordinarily in small plants at least, the roots offer the greatest re- 
sistance to water movement from the soil on its path to the leaves 
(Kramer, 1938; Sattoo, 1949). Apparently this root resistance 
varies widely, depending on various treatments, such as drastic 
heating (Kramer, 1949: 202), amount of wilting (Kramer, 1950), 
flooding in closed containers (Parker, 1950), and the environment 
under which the roots are grown (Stocker, 1923). 

Dehydration of stems of shrubs and trees, caused by direct 
water loss to the air, has been considered by Weaver and Mogen- 
son (1919), Gordiagin (1930), Kozlowski (1943) and Geurten 
(1950). If one removes the leaves from practically any woody 
plant, transpiration from the remaining stem is very small, as 
would be expected, since there would be very large suriace re- 
duction. Actually the stems of such seedlings as those of oak in 
winter transpire about the same on.a unit area basis as intact 
seedlings of various evergreen conifers, according to the statistically 
analyzed data of Kozlowski (1943). This seems to agree gener- 
ally with results of Weaver and Mogenson (1919). It would 
be expected, however, that in certain other seasons, conifers might 
transpire considerably more than defoliated broad-leaved seedlings, 
especially on a seedling basis. Also there seems to be a species 
difference in amounts of water loss from excised defoliated branches 
of different conifers, although only a few individuals were tested 
(Parker, 1954c). In trees with lenticels more water seems to be 
lost through the lenticels than through the periderm (Wiesner and 
Pacher, 1875; Geurten, 1950). 

An interesting feature of the stems of Artemisia tridentata which 
are subjected to rather severe atmospheric drought is the appear- 
ance of rings of corky tissue (interxylary cork) between the annual 
growth rings (illustrated by Diettert, 1937: 70, 73). He also 
pointed out that this condition occurred in certain other plants, and 
Diettert felt that these layers, some of which are suberized, might 
benefit the plant in semi-arid regions. How much water can be 
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absorbed into the stems from the bark has not been studied to any 
great extent, but MacDougal (1912) cited Lloyd who found that 
loose bark of Fouquieria could absorb water readily. This water 
was available to the cells inside the bark and could influence bud- 
ding of the branch. 


LEAVES AND DROUGHT RESISTANCE 


a. OVERALL LEAF CHARACTER. Since Shields (1950, 1951) has 
already considered this subject in considerable detail, we will not 
consume so much space as a full treatment would deserve. It 
would, nevertheless, be of interest to supplement her reviews in 
certain ways. 

One of the recent reviews of this subject is that of Walter (1949: 
237). Like Shields (1950), he called attention to the frequent 
misinterpretation of so-called xeromorphic structures and pointed 
out that many of them may have little to do with the water 
economy of the plant. Quoting Zalenski and Kostytschev-Went, 
Walter stated that plants grown under bright light and under 
conditions enhancing rapid transpiration developed the following 
characters : 

a) Greater thickness of leaf vein per leaf surface. 

b) Greater number of stomate openings per surface. 

c) Smaller size of stomates. 

d) Smaller size of epidermal and mesophyll cells. 

e) Greater number of hairs per surface, but less size of hairs. 

f) Thicker outer walls of epidermis and cuticle. 

Some of these same general considerations can be found in 
Maximoy (1929b: 400) and in Hofler (1950). But here again it 
is uncertain whether the water economy of the plant is greatly im- 
proved by some of these changes. Maximov (1929b: 400) felt 
that in general these are adaptations of secondary importance in 
drought resistance, but this seems to depend on the species, even 
among common mesophytes (Pisek and Berger, 1938). Kramer 
(1949: 287) felt that it is probable that not all xeromorphic leaves 
are the result of water deficits, but that nutrition could play an 
important role. 

Increase in volume of leaf venation may result in greater water 
availability because of lowered friction, but this might lead to a 
more rapid instead of a retarded transpiration. During periods 
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of high moisture stress, however, when the stomates might largely 
close, the situation could be quite different and the lag in water 
intake to the leaves might be partly benefited (overcome) by a 
lowered xylary friction, although this is probably a teleological 
point of view. 

The greater number of stomates might seem to lead to higher 
transpiration than lower, although their diffusion shells may be- 
come more overlapping and thus interfere with one another. From 
a teleological point of view it might be thought that it would be 
of advantage to have more stomates on leaves of “ xerophytic ”’ 
plants in certain spacial arrangements because if water conditions 
were favorable better gas exchange could occur during the little 
time that they were open. But we have no proof of this, and 
stomates of some xerophytes have been known to stay open longer 
than in mesophytes during drought (Shields, 1950, citing others). 
Actually it seems very difficult to relate transpiration rate to 
“‘mesophytic ” or “ xerophytic” leaves (Meyer, 1927), especially 
when the stomate position is not considered. However, Grahle 
(1938) found a positive relation between transpiration and surface- 
volume ratios of pine leaves as well as between transpiration and 
amount of conducting tissue. On the other hand, numbers of 
stomates per surface or total leaf surface could not be related to 
transpiration. We also noted no relation between leaf surface and 
transpiration in comparing one individual plant to another, but 
when leaf surface was divided by root surface, a relationship to 
transpiration could be shown (Parker, 1949). 

The smaller size of epidermal and palisade cells may be an ad- 
vantage to desiccation resistance, since smaller cells are usually 
more desiccation-resistant (Iljin, 1935), but the highly developed 
palisade cells in many heliophyllous plants seem to be an adaptation 
to light, at least in citrus leaves (Diettert, 1937, citing Turrell), 
not an adaptation to drought. Pool (1923) felt that the structure 
of some kinds of sun leaves is such as to retard transpiration, but 
others have found that when well-hydrated, sun leaves transpired 
more than shade leaves, an idea expressed by Lamarliére in 1892 
and later by Dietrich (both cited by Maximov, 1929b: 348). 
Huber (1925) also found this to be true in various tree species. 
Hanson (1917) noted that leaves on the south side of Fraxinus 
pennsylvanica and Ulmus americana transpired considerably more 
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than leaves from the center of the crown when put under the same 
conditions, but it would appear from Stocker’s (1929b) results 
that “sun leaves” of Plantago and Vinca decrease much more in 
transpiration relative to the original rate than shade leaves when 
such leaves are cut from the twigs. Pisek and Winkler (1953) 
showed marked differences in transpirational changes during de- 
hydration between shade and sun leaves of certain woody plants. 
Kramer (1949: 287) suggested that the morphological character 
of sun leaves could be a result of frequent loss of turgidity which 
checks cell enlargement and influences the total leaf area and 
anatomy. 

A decrease in total leaf surface might be of advantage to the 
plant’s “vital resistance”, but Ashby (1932) felt that reduced 
external surface of Larrea tridentata leaves was not an advantage. 
Runyon, on the other hand (1934), mentioned the abscission of 
Larrea leaves during a drought and the small leaf surface per 
amount of twig. During a period when there was still some 
moisture in the soil and in the plant which was available to the 
leaves, this situation of partial leaf-fall could lead to better hydra- 
tion of the remaining leaves and allow them to continue to metabo- 
lize to some extent instead of going into a state of dormancy. 
If Larrea leaves have a lethal level of water content at which 
they die or abscise, then any adaptation that helps to maintain 
the water content should be of importance. 


b. STOMATE ACTION. The mechanism of stomate action was 
studied at an early time, 1856-1898, at least by von Mohl, 
Schwendener, G. Haberlandt and F. Darwin, and guard cell 
turgidity was recognized as a controlling factor in transpiration 
as influenced by light and leaf water content (Green, 1909: 260). 
According to the fundamental investigations of Loftfield (1921) 
and Stalfelt (1929) on herbaceous plants, stomatal movement de- 
pends largely on light when the leaf is well-hydrated, but as the 
leaf dehydrates, the water lack becomes progressively more ef- 
fective in causing stomate closure. This idea has been confirmed 
for many but of course not all woody species (Stalfelt, 1932; 
Kramer, 1949; 287, citing several writers who worked with fruit 
trees and oak seedlings; Pisek and Winkler, 1953). In fact, 
stomate opening was believed to be a good indication of the water 
content of some plants (Kramer, 1949: 287, citing Maximov and 
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Zernova and Oppenheimer and Elze). Stocker, Rehm and 
Schmidt (1943) found that the more drought-resistant crop plants 
showed a greater ability for quick stomate closure when water 
content decreased, and that this therefore influenced the plant’s 
water economy. Stalfelt (1929, 1932) found that even partial 
closure of stomates resulted in a decline in transpiration, and 
Maximov (1929: 390) stated that near-closure of stomates could 
be of importance to drought resistance. Evidently leaf shrinkage 
is concomitant with an increasing water deficit in the plant. 
Bachmann (1922) found that when leaves began to shrink with 
dehydration, the stomates had already begun to close, although 
he thought that the two processes were nearly simultaneous. 

But there seems to be a large amount of species difference in 
stomate behavior. Stalfelt (1924, cited in Lundegarth, 1949: 198) 
showed that under the same weather conditions Picea excelsa dis- 
played a different time of opening and closing its stomates than 
Pinus sylvestris. The stomates of Coffea arabica may close from 
10 a.m. until late in the afternoon, apparently because of a light 
reaction and not because of reduced leaf-water content, according 
to Nuttman (1937). As a result, this closure was suspected to 
cause a reduction in photosynthesis. 

Although water decline in leaves and lack of light have often 
been proven to cause stomate closure, other causes have been 
suspected. Johansen (1954) tested the effects of indole acetic 
acid on stomate closure but decided that in Simapis alba the auxin 
caused a decreased water intake through the roots and that this 
resulted in lower leaf water content and thus closure of stomates. 
When leaves dehydrate, as for instance after they have been cut 
off the twigs, transpiration may continue for a few minutes as 
before, but then shows a rather sharp decline and continues at a 
lower rate (Huber, 1923 ; Oppenheimer, 1932; Walter, 1949: 248). 
Pisek and Winkler (1953) left little doubt that these rapid 
changes are caused by stomate closure; they also reported that 
when excised leaves which had been placed in the dark with their 
petioles in water were suddenly removed from the water and 
placed in the light, there was a momentary increase in transpi- 
ration rate, related to an opening of the stomates; then 2 rapid 
decline in transpiration as the stomates began to close with de- 
hydration until in many woody species the remaining transpiration 
was almost entirely cuticular. 
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Other work shows the importance of stomates to water content 
control. Oppenheimer (1932) quoted Pearson who found that 
during a drought some conifers of the western United States could 
reduce their transpiration to low levels presumably largely because 
of stomate action, but Oppenheimer noted that Pinus halepensis 
leaves closed their stomates only when temperatures were “ ex- 
treme” or when the air was very dry. In some evergreens of 
temperate regions stomate closure has been proven to be directly 
related to a transpirational decline (Sattoo and Hakahara, 1953). 
This is in line with the work of Pisek and Winkler (1953) who 
compared several plants for the water deficit percentage at which 
their stomates began and finished closing. Apparently the coni- 
fers could withstand a little more dehydration before beginning to 
show stomate closure (about 8 per cent of the saturation water 
content) than the broad-leaved species (about 3 per cent) (see 
also Stalfelt, 1932). Practically complete closure in both these 
kinds of tree leaves occurred between about 10 and 17 per cent. 
After this, cuticular transpiration, at least in the young leaves, was 
believed to be the controlling factor in maintenance of the water 
content; the lower the cuticular transpiration was, the longer the 
leaves were likely to be able to withstand drought. Ferri (1953) 
also found that transpiration of shrubs and trees of Brazil’s 
“ Caatinga” was greatly reduced by stomate closure in the dry 
season and that when conditions became more severe many species 
shed their leaves. 

The question of the extent of stomate control over transpiration 
has been further considered in recent years, and in certain herba- 
ceous species was believed to be of the greatest importance (Bange, 
1953; Heath, 1954). However, it is well to recall the findings of 
Freeland (1948) who pointed out that in some plants gas exchange 
is very rapid through the unstomated surfaces and in others 
almost unmeasurable, so that stomate action seems to be of great 
importance in some plants in controlling water loss but of less 
importance in others. 

Sometimes leaves may increase their rate of water loss towards 
the last stages of dehydration. This phenomenon might be ex- 
plained by the fact that the stomates may open during de- 
hydration (Iljin, 1922; Knight, 1922), but Pisek, in a special 
communication to the writer, stated that he doubted that this ever 
occurred in the leaves he worked with. According to Boon-Long 
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(1941), the rate of dehydration, if determined by cuticular trans- 
piration, should decrease steadily with time. This has been 
demonstrated to some extent by Stalfelt (1932) and by Pisek and 
Berger (1938). 

The fact that stomates do not entirely close during dehydration 
was stated by Maximov (1929b: 390) for the evergreen sclero- 
phylls. We also concluded that stomate closure was probably not 
complete in Hevea brasiliensis leaves which had been cut from 
the tree. These leaves had either their upper (unstomated) or 
lower (stomated) surfaces coated with vaseline; the lower sur- 
faces transpired considerably more in weak light (100 foot candles) 
in spite of having practically the same cuticular structure on upper 
and lower surfaces. When these leaves were killed by cooling 
to -20° C. and thawing rapidly, the stomated surfaces showed a 
great increase in water loss but the upper surfaces continued to 
transpire as before. It was also noted that in one-year-old Abies 
grandis leaves the lower (stomated) surfaces after excision trans- 
pired about half as much again as the upper (unstomated) surfaces 
in light of 100 foot candles and that this situation continued for 
several days (unpublished data). Apparently as the leaves be- 
come older, in terms of several months or years, the stomatal 
action is somehow weaker or the guard cell walls become stiffer, 
and the stomates do not close so regularly or so completely. This 
was indicated by Pisek and Winkler (1953) for Picea excelsa 
and independently by Parker (1954d) for Pinus ponderosa. We 
suggested that the change in transpiration with age might be 
accounted for by an increasing inertness of the guard cells, as 
mentioned by Haberlandt, possibly due to a laying down of 
minerals in the cell walls, as suggested by Molisch, although cutic- 
ular changes might also occur. 


c. LEAF WATER CONTENT. In nearly all woody species the leaf- 
water content probably fluctuates diurnally in fair weather during 
the growing season when there is still some available water in 
the soil. Livingston and Brown (1912) were perhaps the first 
to point out that under semi-desert conditions at least a condition 
of incipient wilting occurred daily in leaves of certain shrubs. 
Marshall (1931), however, thought that Renner (1911) was 
probably the first to show that there are diurnal moisture fluctu- 
ations in leaves of various plants. Marshall quoted numerous 
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other papers from 1912 to 1922 which reported this phenomenon, 
and Kramer (1949: 276) cited various articles between 1933 and 
1941 on the subject. Annual fluctuations in water content of 
evergreens also have been studied by various writers and may be 
of great importance to survival (discussed by Parker, 1955a). 

The cause of the diurnal fluctuation in leaf-water content seems 
to lie, in many cases at least, in the “lag” in root-water absorption 
and water translocation, discussed above in the section on stems. 
The time of maximum decline in water content may be different 
in different species; for instance, Stanescu (1936) found that it 
reached a minimum about 2 p.m. in Ailanthus leaves, but about 
5 P.M. in Ampelopsis leaves. Malin (1932), on the other hand, 
stated that the diurnal fluctuations in diffusion pressure deficit 
were about the same in conifer leaves as in many other species. 
Water storage cells have been described in many “ xeromorphic ” 
leaves and seem to be able to give up water to other cells and 
yet recover it again later under better conditions of hydration 
(Shields, 1950). 

In other species the water content would seem to have little 
to do with enduring severe drought. Thoday (1921) described 
water contents down to 35% of the dry weight in leaves of species 
of Passerina which did not kill them. Water storage was con- 
sidered to be at best of subsidiary importance to survival in these 
semi-desert plants. Oppenheimer (1932) pointed out the im- 
portance of the water balance to such species as Pinus halepensis, 
but he found that leaf-water content could fall to much lower levels 
in Olea europaea leaves without death occurring. The desiccation 
resistance in Olea was so striking that it seemed to him to resemble 
the situation in many lichens and mosses. Also in Larrea tri- 
dentata there is a great ability to withstand low water content, but 
Runyon (1934) observed that under severe drought conditions 
many of the leaves changed color and fell off, something that they 
do not do under favorable moisture conditions. This suggests 
that a certain lethal level of water content exists at least in the 
older leaves, beyond which abscission occurs. On the other hand, 
Duisberg (1952) felt that the amount of root has little or nothing 
to do with drought resistance in this species and concluded that 
certain chemical differences between immature, desiccation-resistant 
leaves and older, less resistant ones existed. But Runyon (1934) 
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felt that the resinous exudations which gave it the name “ creo- 
sote bush” do retard water loss from the leaves. Also Runyon 
(1936) mentioned several other peculiarities of the more resistant 
leaves, including the small size of cells and, in the less resistant 
leaves, the larger vacuoles. He felt it was a “ physiological ” 
condition that accounted for the high resistance of the younger 
leaves (Runyon, 1936). 

A low lethal level may also play a more important role in explain- 
ing the drought resistance of leaves of some species of oak than a high 
water retention (Bordeau, 1954). He found that, while the leaves 
of Quercus stellata could withstand lower moisture content than 
those of the less drought-resistant Quercus borealis, the former's 
leaves dried out even more rapidly than the latter’s. Both species 
nevertheless showed a distinct lethal level and it seems clear that a 
certain water maintenance must be of importance. In Artemisia tri- 
dentata we also noted a rapid decline in water content of the leaves 
when they were removed from the twigs, and it was found that 
when the water content fell much below 50 per cent of the dry 
weight there was no recovery on rehydration by soaking in water 
as measured by the tetrazolium test (unpublished data). Never- 
theless, these leaves seem capable of undergoing a wide fluctuation 
in water content without dying and in their natural habitat seem 
to be able to get sufficient water from the stems which, although 
having little water storage capacity, have connection to extensive 
and deep roots in often moist soils. Diettert (1937) felt that 
even a meager retention of water in Artemisia might be of advan- 
tage. But other adaptations are involved; one of the remarkable 
features in this species is the amount of venation per chlorenchyma 
in the leaves. It would appear that numerous adaptations are in- 
volved in this species, some of them hard to assess. In conclusion 
there seem to be all gradations in different plants in their water- 
holding capacity and in their lethal level of water content (Pisek 
and Berger, 1938; Pisek and Winkler, 1953), and that these two 
characteristics together frequently determine the main drought re- 
sistance of the plant. 


d. HAIRS AND COATINGS. Various conditions of the outer sur- 
faces of leaves have long been the subject of speculation and not so 
much experimentation. Hairs are often supposed to reduce tran- 
spiration without any experimental evidence to prove it. Sayre’s 
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experiments indicated that removing the hairs from the leaf sur- 
faces decreased transpiration instead of increasing it, possibly be- 
cause the hairs themselves increase the exposed surface (Sayre, 
1920, cited in Curtis and Clark, 1950: 201). This seems reason- 
able in view of the fact that under moist conditions, trichomes on 
such plants as Crassula can absorb water and transfer it to living 
cells (MacDougal, 1912, citing Marloth; Shields, 1950, citing sev- 
eral others). Diettert (1937), on the other hand, citing Goebeler 
(1886), and Wiegand (1910) would make it appear that the situa- 
tion is more complicated. Diettert believed that in Artemisia tri- 
dentata the trichomes play an important part in lessening loss of 
water by transpiration, especially the glandular trichomes which 
secrete ethereal cils. Evidently there are in general two kinds of 
trichomes: living ones largely filled with cytoplasm and dead ones 
filled with air. According to Goebeler (1886), the presence of 
living trichomes on ferns greatly increases transpiration, but 
Wiegand (1910) found that the hairy coatings were of value on 
other plants in lowering transpiration when exposed to the wind, 
for the reason that the hairs maintained a layer of more or less 
saturated air over the leaf surface, an idea also expressed by other 
writers (cited by Shields, 1950, citing others). Yapp (1912), for 
instance, believed that pubescence on Spirea ulmaria leaves re- 
duces transpiration. Some evidence also exists that the presence 
of hairs causes lower leaf températures (Baumert, 1907, cited by 
Shields, 1950), and they may have other effects of survival value. 

Waxes and similar substances are often observed as an external 
layer on the epidermis of leaves, and various lipidic substances are 
sometimes laid down directly in the cell walls (for instance, 
Werner, 1931). But the distinction between such fatty-acid-con- 
taining materials as cutin and suberin is not entirely clear, and 
waxes themselves are evidently quite complex (Meara in Paech 
and Tracey, 1955: 380). There may also be an increased silicifi- 
cation of epidermal cell walls with increasing age in conifer leaves 
(Molisch, 1938: 103), although this would not seem to retard 
water loss (Parker, 1954d). Haberlandt (1928: 137) found that 
the corky layers of twigs of certain trees did retard transpiration 
to a high degree, and Kamp (1930) believed that the thickness of 
the cuticle of leaves influences transpiration. Waxes may be de- 
posited on the cuticle, but Mueller, Carr and Loomis (1954) were 
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of the opinion that this external layer probably is not of much im- 
portance in affecting the amount of gas exchange. Their electron- 
microscope photographs showed how the external waxes on leaves 
of conifers are distributed and how they tend to wear off with in- 
creasing age. The wax on the epidermis of apples seems to in- 
crease with age, but in some kinds of apples the oil content of the 
cutin increases especially. This formation decreases the O2 ex- 
change more than COz2 due to the behavior of these gases in 
passing through lipids (Hall et al., 1954). 

Other exudations, e.g., the resin on Larrea tridentata leaves, 
have been suggested to be of value in retarding transpiration 
(Runyon, 1934), and one of his illustrations shows the resin cov- 
ering the stomatal surfaces. But Duisberg (1952) pointed out 
that the older more drought-sensitive leaves produced more resin 
than the immature leaves. 

In conifer leaves we have noticed the occurrence of a material, 
probably more resinous than waxy according to Biisgen and 
Minch (1929: 214) and Schwabach (1902), in the outer channels 
of the stomatal openings. This was observed in every age of leaf 
during the entire year in five species of Rocky Mountain conifer. 
But Haberlandt (1928: 463), drawing his information from un- 
cited work of Link and also Wilhelm, pointed out that such plugs 
are granular or at least of such construction as to allow gas pene- 
tration. We have verified this opinion for Pinus ponderosa leaves, 
and have noted that the granules are worm-shaped and often sepa- 
rated by air spaces. 

It appears that in every part of the plant there may be structures 
or physiological conditions that can contribute to either the over- 
all or to the vital drought resistance. In considering all the fore- 
going adaptations and variations, it seems to be a great mistake to 
try to find a single cause of drought resistance in any one woody 
plant. There may be contributing factors anywhere: from the 
roots to the leaves, from the finest part of the cytoplasm to the 
most complete tissues, from the embryo to the mature plant. 
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